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An inductively coupled plasma mass spectrometer system is described in which the quadru- 
pole mass filter is operated in the third stability region with Mathieu parameters (a, q) ~ (3, 
3). Operation at the upper tip of this region is found to give generally better sensitivity and 
resolution than operation at the lower tip. A limiting resolution at half height of 4000 at m/z  
59 is possible with operation at the upper tip. This resolution is insufficient to separate atomic 
ions from molecular ions of the same nominal mass except in favorable cases. However, 
operation at moderate resolution (R1/2 = 500 to 1000) is found to give very high abundance 
sensitivity (>107). The results suggest hat the third stability region may be advantageous for 
specialized applications of inductively coupled plasma mass spectrometry. (J Am Soc Mass 
Spectrom 1997, 8, 1230-1236) © 1997 American Society for Mass Spectrometry 
M 
ost systems for inductively coupled plasma 
mass spectrometry (ICP-MS) are based on 
quadrupole mass filters operated at unit res- 
olution [1]. Whereas this resolution is adequate for the 
majority of analyses, there are some instances where 
higher resolution may be required. These include sep- 
aration of doubly charged ions at half integer values of 
m/z  from singly charged ions at integer values, and 
separation of atomic ions from molecular ions of the 
same nominal mass. In addition, the determination f a 
trace element or isotope in the presence of an element or 
isotope at much higher concentration requires very 
high abundance sensitivity, considerably better than 
that normally required for organic mass spectrometry. 
These considerations have led to the use of high reso- 
lution double-focusing mass spectrometers for ICP-MS 
[2-4]. 
Quadrupole mass filters separate ions of different 
m/z  on the basis of the stability of ion trajectories in the 
quadrupole field. The ion motion is described by the 
Mathieu parameters a and q given by 
4eU 
a - mo~ar~ ~) (1) 
2eV 
q - m~°2r2 o (2) 
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where e is the ion charge, U is the dc voltage applied 
between poles of the quadrupole, m is the ion mass, o~ is 
the angular frequency of the applied radiofrequency (rf) 
voltage, r0 is the field radius, and V is the zero to peak 
rf voltage applied between poles [5]. Combinations of a 
and q, which give ion trajectories stable in both the x 
and y directions, (transverse tothe quadrupole axis) are 
shown in the stability diagram, Figure 1. There is an 
unlimited number of stability regions; only the first 
three are shown here. The notation is from Dawson [5] 
(other authors have used different notation). Almost all 
commercial quadrupole mass filters use an operating 
point at the tip of the first stability region because for a 
given quadrupole rod size and frequency, the lowest 
voltages U and V are required. 
Previously it has been shown that the resolution of 
quadrupole mass filters can be improved by operating 
them in higher stability regions. For example, Dawson 
and Binqi have reported theoretical and experimental 
studies of the second stability region [6] and demon- 
strated a resolution of several thousand at m/z  44. For 
ICP-MS, a resolution at half height (R1 /2)  of up to 9000 
at m/z  56 has been achieved with quadrupole operation 
in the second region [7]. Improved resolution from the 
third region has been used to separate He + from D~ 
(R1 /2  ~ 320 at m/z  4) in fusion plasma gases [8, 9a]. 
With operation in the third region a resolution at half 
height of 4200 on Xe + has been reported [10] and 
resolution just sufficient o separate N~ from CO + at 
m/z  28 (R1/2 ~ 5000) has been demonstrated [9b, 11]. 
Mass resolution can be obtained in the third stability 
region at either the upper tip, or the lower tip [9-12]. 
These are shown in Figures 2a and 2b, respectively. The 
fundamental angular frequency of ion motion f~ is 
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Figure 1. The stability diagram for the quadrupole mass filter. 
Regions giving ion motion simultaneously stable in the x and y 
directions are shaded in dark gray. 
related to the quadrupole angular f frequency, ~o, at the 
upper tip by 
f~x = (2 - /3x)o~/2 (3a) 
f~y =/3yco/2 
and at the lower tip by 
(3b) 
f~x = (/3x- 1)o~/2 (3c) 
Dly = (1 - /3y)¢o/2 (3d) 
The value of/3 varies from 0 to I for motion in the x and 
y directions in the first stability region and from 1 to 2 
for x and y motion in the second stability region. In the 
third region/3 varies from 0 to 1 for y motion and 1 to 
2 for x motion. Thus, the third stability region has been 
described as a mix of the first and second regions [11, 
12]. At the upper tip, resolution is increased by increas- 
ing the ratio of dc to rf applied between poles; at the 
lower tip by decreasing this ratio. For a given rf and dc 
voltage ions of different m / z fall on an operating line as 
shown in Figure 2. For operation in the second region, 
this line passes through the first region. If ions of a 
given m/z  are stable in the second region, ions of 
m'/z  = 8 .38m/z  or more are stable in the first region 
and are simultaneously transmitted ("aliasing') [6, 7]. 
For the third region, however, the scan line does not 
pass through the first region and there is no aliasing 
problem. 
Here we describe an ICP-MS system where the 
quadrupole is operated in the third stability region at 
either the upper or lower tip. Operation at the upper tip 
has been found to give generally better resolution and 
sensitivity than at operation at the lower tip. A limiting 
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Figure 2. The upper (A) and lower (B) tips of the third stability 
region. Possible operating lines corresponding toa resolution of 
-100 are shown. For a given dc and rf voltage applied to the mass 
filter, ions of different mass-to-charge ratios fall on different points 
along the line. 
resolution of 4000 at m/z  59 is possible with operation 
at the upper tip. Whereas this is insufficient to separate 
atomic ions from molecular ion interferences except in 
favorable cases, the abundance sensitivity at a resolu- 
tion of 500-1000 is very high (>107 ) and suggests that 
quadrupole operation in third stability region may be 
advantageous for special applications of ICP-MS. 
Experimental 
The apparatus is similar to that used to study ICP-MS 
with quadrupole operation in the second stability re- 
gion [7] and is shown in Figure 3. Ions are sampled 
from an ICP through a three aperture gas dynamic 
interface [13]. For the work here the spacing between 
the sampler and skimmer was increased to 7.0 mm and 
the spacing between the skimmer and reducer in- 
creased to 7.0 mm. A photon stop (diameter 4 mm) was 
placed in the center of the last cylinder lens. These 
changes decreased the sensitivity in the first stability 
region at unit resolution by about one order of magni- 
1232 DUET AL. J Am Soc Mass Spectrom 1997, 8, 1230-1236 
re 
i 
I 
rp rp turbo turbo 
q 
Figure 3. Apparatus: T, torch; sa, sampler; sk, skimmer; rp, 
rotary pump; re, reducer; L, cylindrical ion lenses; turbo, turbo- 
molecular pump; Q, quadrupole; D, detector. Note that there is a 
stop in the center of the fourth cylinder lens. 
tude and decreased the background continuum from 
greater than 1000 counts S -1  to 10-100 counts s -z 
(depending on lens settings). Ions enter the quadrupole 
through a 1.35 mm diameter aperture that also serves as 
the differential pumping aperture between the ion lens 
system (9 x 10 -5 torr) and the mass analyzer (1 × 10 -~ 
torr). The ICP was operated at 900 W (the limit of the 
early prototype supply used) with a conventional cross- 
flow pneumatic nebulizer. Ion counting was used for 
detection. 
The quadrupole power supply was a modified API 3 
supply (SCIEX, Concord, Ontario) operated at 1.20 
MHz. Designed for operation in the first stability re- 
gion, this supply has a maximum rf output voltage V of 
10,000 V and dc output voltage U of 1680 V. The dc and 
rf output voltages are proportional to a low level "mass 
command" voltage between 0 and 10 V. The third 
stability region requires a ratio of rf voltage, to dc 
voltage of V/U = 2.044 at the upper tip and V/U = 
2.233 at the lower tip. This ratio is lower than the ratio 
V~ U of 5.96 required for conventional operation at the 
tip of the first stability diagram. To generate these lower 
ratios, the mass command to the rf circuit was reduced 
with a resistive voltage divider. Two quadrupole rod 
sets were used. The first (SCIEX, Concord, Ont.) had a 
field radius r 0 of 6.96 mm and length of 227 mm. The 
second had a field radius r 0 of 4.16 mm and a length of 
203 mm. The rf voltage of the power supply was 
sufficient o give a maximum m/z  of 216 at the upper 
tip and 276 at the lower tip. However, the maximum 
mass was limited by the dc voltage U of the supply to 
78 m / z at the upper tip and 98 m / z at the lower tip with 
the larger diameter rod set, and to 218 m/z (upper tip) 
with the smaller diameter rods. A sixteen bit digital-to- 
analog converter (DAC) was used to set the mass giving 
minimum step sizes of 0.0015 and 0.0012 m/z at the 
lower and upper tips, respectively, for the larger rod 
set. 
Ions enter the lens system with mass dependent 
energies [13]. The rod offset of the quadrupole was 0 V 
so the ion energy in the quadrupole was about 2 eV for 
m/z  24 (Mg--), 3 eV for ions m/z  50-60 (V+-Ni+), and 
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Figure 4. The variation of sensitivity (ions s 1 per/~g mL 1 of 
Mg) at m / z 24 vs. resolution at half height for operation in the first 
region (filled squares), and in the third region at the upper tip 
(filled diamonds), and lower tip (open squares). 
5 eV for m/z  208 (Pb+). It was found that different lens 
settings were optimal for each region. To measure the 
variation of sensitivity with resolution the ion optics 
were optimized for the maximum signal at fairly high 
resolution for each stability region. These settings were 
then kept constant as the resolution was changed. The 
resolution at half height, R1/2, was calculated from R1/2 
= m/Aml /2  where Am1~ 2 is the full peak width at half 
the maximum intensity and m is the mass to charge 
ratio. 
Results and Discussion 
The variation of sensitivity of the system for m/z 24 
(Mg +) as the resolution is increased is shown in Figure 
4 for operation in the first stability region and for 
operation in the third region at the upper and lower 
tips. At "unit" resolution in the first region the sensi- 
tivity is ~107 S -1 per /zg m1-1 of Mg. Increasing the 
dc/rf  ratio causes the resolution to increase and the 
sensitivity to decrease. At some point further increases 
in the dc/r f  ratio cause only loss of signal. The resolu- 
tion at this point is called the "limiting" resolution. For 
Mg + in the first region the limiting resolution is 300. 
The upper and lower tips of the third stability region 
give similar sensitivity and, at low resolution, this 
sensitivity is about five times less than that of the first 
stability region. Higher resolution can be obtained in 
the third region than the first; up to 1000 at the lower tip 
and 2000 at the upper tip. 
At higher masses somewhat different behavior is 
seen. Figures 5 and 6 show the variation of sensitivity 
with resolution for m/z  59 (Co--) and m/z 69 (Ga +) for 
quadrupole operation in the first and third stability 
regions. Operation in the first region gives a limiting 
resolution of 800 for m/z 59 and 1000 for m/z 69. As for 
m/z  24, at low resolution (R1/2 - 100) the transmission 
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Figure 5. The variation of sensitivity (ions s -1 per /~g mL -1 of 
Co) at m/z 59 vs. resolution at half height for operation in the first 
region (filled squares), and in the third region at the upper tip 
(filled diamonds), and lower tip (open squares). 
in the third region, which is greater at the lower tip than 
at the upper tip, is about 2 (m/z 59) to 4 (m/z 69) times 
less than in the first region. These factors are roughly 
similar to the factor of 4 loss calculated from the 
different acceptances in these regions [11, 12]. The 
transmission decreases much more rapidly with in- 
creasing resolution at the lower tip than at the upper 
tip. The limiting resolution at the upper tip is about 
4000 and an R1/2 of 1000 is possible without severe 
losses of sensitivity. These observations are similar to 
those of Pedder and Schaeffer [9l. 
The variation of transmission with resolution seen in 
Figures 4 -6  is not in agreement with published calcu- 
lations of quadrupole acceptance. In general, the varia- 
tion of ion transmission with resolution is fit to the form 
10 s 
10 ~ 
'E D. 
~ 10 6 '= 
I- 
10 s 
.~ lo 4 
e- 
~ lO a 
lO 2 
lO 
I I I I  ,gL/ 
100 1000 10000 
Reso lu t ion  (m/Amain)  
Figure 6. The variation of sensitivity (ions s -1 per /lg mL -1 of 
Ga) at m/z 69 vs. resolution at half height for operation in the first 
region (filled squares), and in the third region at the upper tip 
(filled diamonds), and lower tip (open squares). 
Table 1. Values of c( in eq. 4 
rn/z First region Lower tip Upper tip 
24 0.43 1.7 0.79 
59 0.32 2,5 0.29 
69 0.48 2.8 0.26 
Ref. [6a, 14] 2.0 
Ref. [11] 0.52 0.7 
T - R-~ (4) 
Our data show more complex behavior. For example, 
Figures 4 -6  show that at the upper tip there is an initial 
decrease in transmission at low resolution, followed by 
a more gradual decrease between R1/2 = 100 and R1/2 
= 1000. Nevertheless, it is possible to fit the resolution 
to the form of eq 4 for the first region between 
R1/2 = 50 and 200 for m/z 24 and for R1/2 between 50 
and 500 for m/z  59 and m/z  69. For operation at both 
the upper and lower tips of the third region, the data 
can be fit to eq 4 for R1/2 between 100 and 1000 for all 
masses. Values of cx from the experimental data are 
shown in Table 1, which also shows theoretical values 
calculated from the acceptance of an ideal infinitely 
long quadrupole field. For the first region our values 
are 0.3 to 0.4, considerably less than the theoretical 
value of 2.0 [6a, 14]. The value 2.0 has been measured in 
other experiments [6b, 14]. The lower value here sug- 
gests that ions are well focused into the quadrupole 
acceptance. For operation in the third region at the 
lower tip, the experimental values of cx vary from 1.7 to 
2.8. No theoretical value for the lower tip has been 
published. Konenkov and Kratenko have published 
values for the maximum values of x and y and maxi- 
mum radial velocities :~ and 9 for operation at the lower 
tip [11]. The product of these scales approximately as 
R -°'52. If this product can be taken as an approximate 
measure of the acceptance the transmission should also 
vary as R -°'52. For operation at the upper tip, the 
acceptance is stated to scale as R -°'7. Our experiments 
show approximately this value for m/z = 24 but 
somewhat lower values for m/z 59 and m/z 69. In 
addition, Konenkov and Kratenko found that the accep- 
tance at the lower tip was greater than at the upper tip 
[11], which suggests that the sensitivity should be 
greater with operation at the lower tip. Greater sensi- 
tivity at the lower tip is seen here at low resolution, but 
not at higher resolution. These theoretical values do not 
include contributions from the fringing field, which can 
have strong influences on ion transmission [14-16]. In 
addition, field imperfections in the quadrupole can 
change the simple T-R variation of eq 4 to more 
complex behavior [16]. The ion optics were optimized 
for transmission in each stability region. This empiri- 
cally focuses ions into the acceptance of the quadrupole, 
through the fringing fields. Thus, it is perhaps not too 
surprising that simple arguments based on areas of 
acceptance ellipses do not agree well with the experi- 
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ments. The positions and momenta of ions at the input 
to the quadrupole (the source ernittance) can influence 
the T-R curve. For operation in the second region, 
agreement with the experimental variation of sensitiv- 
ity with resolution [7] could only be obtained by includ- 
ing fringing fields in the model and by using a source 
emittance that corresponds to having the ions focused 
into the quadrupole [17]. The photon stop in the ion 
optics produces a "hollow" beam that can also change 
the T-R behavior [18]. Additional experiments and 
modeling will be required to determine the effect of the 
photon stop. In addition, the continuum background 
could be reduced with an off-axis reducer [13] or other 
approaches. 
The limiting resolution of a quadrupole is deter- 
mined by rod quality effects and the number of rf cycles 
(n) that an ion spends in the quadrupole field. For 
operation at the upper tip, a limiting resolution given 
by R = 0.7n 2 has been reported [11]. By using this 
formula, the calculated limiting resolution for m/z 59 
with 3 eV ion energy is 8000. This is considerably higher 
than observed in the experiments and suggests that the 
limiting resolution seen in Figure 5 may be due to rod 
quality effects. Operation with other rod sets of the 
same nominal diameter produced similar variations of 
sensitivity with resolution at low resolution but lower 
limiting resolutions for m/z 59 of 1000 to 3000. This 
clearly indicates that rod quality can affect he limiting 
resolution. 
A limiting resolution of 4000 is insufficient to sepa- 
rate atomic ions from molecular ions except in favorable 
cases [3b]. Nevertheless, a resolution of -1000 at m/z 
50 to 60 is comparatively high for a quadrupole mass 
analyzer. Figure 7a shows the mass spectrum of a 
solution of Cr, Mn, Fe, Ni, and Co (-100 ng m1-1) 
recorded with R1/2 = 800 (operation at the upper tip). 
The peaks are baseline separated. Any doubly charged 
ions at half integer m/z values would be easily resolved 
under these conditions. A significant advantage of 
operation in this mode is that the abundance sensitivity 
is very high. Figure 7b shows the same spectrum 
plotted on a logarithmic sensitivity scale. The peaks 
decrease from maximum by about four orders of mag- 
nitude to the noise level just 0.1 m/z on the high and 
low mass sides of each peak. In the first stability region, 
a resolution at half height of up to 800 can be achieved, 
but the peaks have long tails, particularly on the low 
mass side. 
To further evaluate the abundance sensitivity, the 
quadrupole was set to a resolution of -600 and the 
mass spectrum of 10 ng m1-1 Mn and Co was recorded 
(Figure 8a). Contamination by Fe at -3  ng ml 1 was 
also evident from the 57 Fe + peak. The sensitivity to Co 
was about 106 S -1 per/~g m1-1. Under the same condi- 
tions, the spectrum of a solution of 1000/~g ml -~ Co, 
g iv ing  -109  ions s -1 at m/z 59, was recorded. The scan 
was stopped 0.1 m/z short of the Co + peak to avoid 
damaging the detector. This spectrum (Figure 8b) 
shows that the Co + peak decreases by seven orders of 
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Figure 7. Mass spectrum of a solution of Cr, Mn, Fe, Ni, and Co 
(-100 ng m1-1) on (a) a linear vertical scale and (b) a logarithmic 
vertical scale. 
magnitude from 109 ions s -1 to 102 ions s -1 or less (i.e., 
the noise level) in just 0.2 m/z. The peak at m/z = 58 
(100 ions s -1) is completely baseline resolved under 
these conditions with no tail from the intense peak at 
m/z 59. 
As described, the dc section of the quadrupole power 
supply limited the maximum mass to 78 m/z for 
operation at the upper tip. To assess whether the very 
high abundance sensitivity demonstrated in Figures 7 
and 8 could be achieved at higher mass, a quadrupole 
with a smaller field radius of 4.15 mm giving a maxi- 
mum m/z of 218 was substituted. When operated at 
R1/2  ~ 80 in the third stability region (upper tip) the 
sensitivity was 2 x 105 s 1 per/~g m1-1 of Co. Because 
the quadrupole acceptance scales as r4f 2 this decrease 
in sensitivity (x5) is approximately what would be 
expected from the smaller field radius (×7.8). Unfortu- 
nately, this quadrupole was found to have a limiting 
resolution at m/z 59 and at m/z 208 of only 1000 (upper 
tip) suggesting that it was of lower quality. Neverthe- 
less, initial results at m/z 204-208 are encouraging. 
Figure 9 shows mass spectral of Pb isotopes on a 
logarithmic scale with R1/2 = 720. The signals decrease 
by four orders of magnitude 0.3 m/z from the peak 
maximum. Extrapolation of these peaks suggests that 
very high abundance sensitivity 1 m/z from the peak 
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maximum is possible. These results compare favorably 
with the abundance sensitivity of magnetic sector iso- 6 
tope ratio instruments where special measures are 
needed to reach an abundance sensitivity of 106 or s 
better [19, 20]. Definitive demonstration of improved ---- 
quadrupole abundance sensitivity at high mass will ~4 
require a separate dC supply capable of driving the 
larger diameter, higher quality rod set to m/z 208. ~ 3 
Additional model ing will be necessary to under- 
stand the variation of sensitivity with resolution seen in 8 
this work. From a practical point of view it is disap- ~ 2 
pointing that operation in the third region does not give 1 
sufficiently high resolution to separate atomic and 
molecular ions. Nevertheless, the very high abundance 
sensitivity and ability to achieve moderately high reso- 
lution without severe losses in sensitivity suggest hat 
operation in the third region may find use for applica- 
tions of ICP-MS or other elemental analysis methods 
(glow discharge, ion microprobe) where it is useful to 
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logarithmic vertical scale. 
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resolve doub ly  charged ions from s ingly charged ions 
or where  it is requi red to determine  a trace e lement  or 
isotope adjacent in mass to a major e lement.  
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